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Chapter 5 – TREATABILITY STUDIES 

5.1 Introduction 
This chapter describes treatability studies that were conducted to further evaluate the technical and 
economic feasibility of applying the selected technologies to Site soils impacted by lead and arsenic. 
 
Section 5.2 describes the objectives of the treatability studies; Section 5.3 describes the approach taken 
and summarizes the treatability studies conducted; Section 5.4 summarizes the pertinent results and 
provides an interpretation to be used in the selection of alternatives (Chapter 6) and their subsequent 
detailed analysis (Chapter 7).  Section 5.5 summarizes the conclusions of the treatability studies and 
provides recommendations for additional treatability work. 

5.2 Treatability Study Objectives 
Extensive treatability studies were mainly completed prior to 2000/2001.  They were mainly used to help 
understand lead/arsenic distribution and interactions with Site soils.  The studies were also used to 
investigate ways to address high concentrations of lead- and arsenic-impacted soil.  The 2000/2001 ISR 
actions removed the high concentrations of lead and arsenic soil (above “dangerous waste limits”). 
 
Only small amounts of high concentrations of lead and arsenic soil now remain, after 2000/2001, and 
these soils are in the miscellaneous small RUs.  Though the pre-2000/2001 treatability studies will not 
play a major role in selecting/evaluating preferred alternatives for final cleanup, since they were geared to 
high concentrations of soils, they are still presented in this Chapter.  The treatability studies still provide 
background, understanding and insight into how remaining lead- and arsenic-impacted soils can be 
managed to meet RAOs. 
 
Various treatability studies were conducted to aid in the evaluation of treatment technologies related to 
physical screening and/or soil washing with extraction.  This group of technologies was identified in 
Chapter 4 as a key component in developing remedial alternatives (Chapter 6) and their subsequent 
detailed analysis (Chapter 7).  These studies where also useful in the design and completion of the 2001 
Wet Screening ISR Program.  The focus of these studies was to obtain data to: 

• Confirm the suitability of these technologies for Site-specific soils; 

• Identify potential problems associated with these technologies for application at the Site; and  

• Define additional treatability work that may be conducted prior to Site remediation. 

Lead- and arsenic-impacted soil remediation technologies that take advantage of the concentration 
distribution of constituents between the different size fractions of the soil matrix were the primary 
technologies investigated.  Typically, higher concentrations of metals are associated with the smaller 
grain size soil fractions.  By physically segregating the soils into two or more fractions, the following would 
be obtained: 

• A coarse fraction that contains metal concentrations below remediation or cleanup levels that can 
be returned to the Site as soil for backfill; and 

 
• One or more fine fractions that contain metal concentrations above remediation or cleanup levels 

that will require further treatment. 

Wet Screening and Classification processes were investigated for their ability to achieve physical 
segregation. Soil Washing with Extraction was examined for constituent extraction potential.  Recycling to 
a Thermal Process was investigated to assess the potential for treating the finer separated soil fractions 
that would be expected to exceed the remediation or cleanup levels. 
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The principal objectives of the treatability studies were to: 

• Determine the grain size distribution of soil present at the Site; 

• Determine the constituent distribution by soil grain size; 

• Determine the chemical nature of the constituent; and 

• Evaluate volume reduction potential by removal of "clean" soil fractions. 

Table 5-1 summarizes the relevant soil characterization parameters used to assess the viability of the 
above-referenced treatment technologies. 

5.3 Treatability Study Approach 
The treatability study program used comprehensive soil characterization and speciation studies and 
bench-scale treatability testing to obtain data on the fundamental physical and chemical properties of the 
impacted soils.  An overview of the program and the pertinent results are summarized in Appendices C 
and D. 
 
The soil characterization parameters, a description of how the parameters are used, and the specific test 
types are presented in Table 5-2.  (More detailed definitions of the parameters and the testing procedures 
are summarized in Appendix B.)  The soil characterization parameters are organized in Table 5-2 as 
follows: 
 
Physical Properties that may impact materials handling (e.g., during excavation, stockpiling, treatment, 
and residuals management).  These include particle size distribution and Atterberg limits (liquid limit, 
plastic limit, and plasticity index) that are used to determine the USDA soil classification.  Other physical 
properties measured were moisture content and bulk density of both loose and packed soil. 

 
Regulatory Analyses to determine regulatory classification of waste streams which provides information 
for management and disposal of treatment residuals in accordance with federal, state, and local 
regulations.   

 
Chemical Analyses to gather information on soil chemistry, soil mineralogy, soil/constituent interactions, 
and the distribution, speciation, and mobility of the lead and arsenic constituents.  The chemical analyses 
and the information they provide include the following: 

• pH and Generalized Acid Neutralization Capacity (GANC) measure the alkalinity or acidity of the 
soil and indicate inherent buffering capacity; 

• GANC and Reverse GANC (RGANC) are soil leaching tests that measure a soil’s capacity to 
buffer an acid or a base.  This information can be used to design solidification/stabilization design 
mixes.  It can also be an aid in designing acid or base extraction treatment processes; 

• Organic carbon and anions analyses indicate the potential to provide bonding sites for heavy 
metals; 

• Soluble cations analysis indicates the potential for competition with the heavy metals for bonding 
sites; and 

• Scanning Electron Microscopy (SEM) and sequential extractions determine the specific chemical 
form of the metal in the soil matrix and the bonding mechanism.  This information may be used 
when chemical reactions such as metals dissolution (in soil washing processes) and metals 
precipitation (removal of metals from solvent used in a soil washing process) are included in soil 
treatment. 
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Because of constituent concentrations for soil samples vary both vertically and horizontally, samples were 
analyzed for total constituents prior to conducting treatability testing.  Thus, treatability study sample 
results were representative of the bulk of the Site soils likely to require cleanup action. 
 
Table 5-3 lists the treatability studies conducted in support of lead and arsenic remediation at the Site.  A 
detailed soil characterization program conducted by Hazen Research Inc. (Hazen), at its facility in 
Golden, Colorado, represents the majority of the treatability study work.  Constituent speciation work, 
physical screening studies, and bench-scale technology evaluations were performed by Battelle Pacific 
Northwest Laboratories, Hart Crowser, State University of New York, and Weyerhaeuser Analytical and 
Testing Services. 
 
The following sections briefly describe each treatability study and summarize the results.  In addition, the 
results are evaluated in terms of the physical parameters (soils handling properties), technical feasibility 
of the remediation alternatives, and chemical parameters. 

5.3.1  Lead- and Arsenic-Impacted Soils Characterization Study - Hazen Research Inc. 
This study involved soil samples collected from Site areas impacted by lead and arsenic, and included 
detailed characterization and speciation analysis of the lead- and arsenic-impacted soils.  Soil sampling 
for the characterization study used a statistical procedure based on EPA SW-846 guidance, recognized 
technical literature on sampling and analysis, and the experience of the Project Team.  The sampling 
procedure enabled recovery of representative composite samples of impacted soils from randomly 
sampled grids in areas of the Site known to contain elevated concentrations of lead and arsenic. 
 
Complete results for the lead and arsenic characterization are detailed in the final reports prepared by 
Hazen Research (1993a through 1993f and 1994a through 1994c).  Six composite samples of lead-
impacted soil and three composite samples of arsenic-impacted soil were collected from different Areas of 
the Site.  The characterization results are summarized in Tables 5-4 and 5-5 for lead and arsenic, 
respectively.  A full description of the Hazen Research soil characterization studies for lead and arsenic, 
and a discussion of the results obtained, is provided in Appendix C. 

5.3.2 Arsenic Wet Screening Study - Hart Crowser, Inc. 
Arsenic treatability studies were performed by Hart Crowser to better define the distribution of arsenic 
concentration with respect to soil particle size through the use of particle size distribution testing and 
associated arsenic analysis of sized soil fractions.  Samples were collected in the Reference Grid Area, 
and the NGRR area to supplement the results of the Hazen arsenic characterization study completed on 
samples from Areas 18 and 36 and the NGRR.  A summary of the results is provided in Table 5-6 and 
further details of the treatability study procedures and results are presented in Appendix D. 

5.3.3 Arsenic Speciation Analysis - Battelle Pacific Northwest Laboratory (PNL)  
Battelle PNL performed limited arsenic speciation analysis on soil samples collected from Areas 5, 25, 
and 38, and in the NGRR area.  The purpose of this study was to identify ionic species of arsenic and 
investigate the presence of arsenic forms in Site soils potentially impacted by acid production (Areas 5 
and 25), the use of arsenic-based herbicides (NGRR), or arsenic-based paint/ink (Area 38).  The results 
are summarized in Table 5-7. 

5.3.4 Bench-Scale Soil Leaching Study – State University of New York, Buffalo 
A screening of non-proprietary soil leaching chemistries was performed by the Department of Civil 
Engineering at the State University of New York at Buffalo (UB) (State University of New York at Buffalo, 
1994).  The efficacy of various soil washing extraction agents and leaching conditions were evaluated for 
removing lead from a lead-impacted soil sample (-8 to +200 mesh fractions) from Area 40 of the Site.  
The results of this study are summarized in Table 5-8. 
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5.3.5 Bench-Scale Soil Leaching Study - Weyerhaeuser Analytical and Testing Services 
To investigate the potential for using non-proprietary leaching chemistries to remove arsenic from the Site 
soils, a leaching study was carried out at the laboratories of Weyerhaeuser Analytical and Testing 
Services (Weyerhaeuser ATS).  Several leaching solutions were applied to -1/4 inch by +200 mesh 
fractions of combined soil samples from Area 18 and the NGRR area.  The effects of pH and liquid:solid 
ratio were investigated as well as performance under single-stage batch and multistage countercurrent 
extraction regimes.  The results of the study are presented in Appendix C. 

5.4 Interpretation of Results 
In this section, the results of the treatability studies are discussed by treatment technology using the 
parameters relevant to each technology as presented in Table 5-1.  For each parameter, the results that 
are applicable to handling and remediation of Site soils are discussed. 

5.4.1 Physical Screening/Soil Washing 
The relevant characterization test results for physical screening/soil washing with dissolution technologies 
(as shown in Table 5-1) are silt/clay content, constituent distribution with regard to particle size, surface 
area calculations, Atterberg Limits, organic carbon, GANC/RGANC, MANC/RMANC, and Sequential 
Extraction for speciation analysis. 
 
The silt/clay (less than 200 mesh particle sizes) content of the Site soils ranged between 6% and 15 % for 
the samples tested, well below the 40% upper limit generally considered likely to limit the effectiveness of 
soil washing processes.  The sand (greater than 200 mesh and smaller than 1/4 inch particle sizes) 
content of the Site soils varies between 26% and 53% and the gravel (greater than 1/4 inch particle sizes) 
content varies between 38% and 66% by weight. 
 
The lead content in the silt/clay fraction of the Site soils is substantial at between 27% and 67% of total 
lead in soil, which suggests that significant volume reduction of lead-impacted soil could be achieved by 
separating the fine material from the whole soil.  Classification to separate soil at the 100 mesh cut point 
would represent recovery of about 90% of whole soil mass suitable for on-Site deposition in appropriate 
land use areas. 
 
Wet screen particle size distribution test results and corresponding chemical analyses results for 
separated size fractions indicate that between 84% and 97% of the soil lead is concentrated in the sand 
and silt/clay fractions.  These fractions represent between 40% and 62% by weight of the whole soil.  
These results indicate that recovery of the cobbles and gravel fraction (representing between 38% and 
60% of the whole soil) as "clean" material could be readily achieved using conventional wet screening or 
soil washing to achieve segregation of Site soils into different size fractions. 
 
The arsenic content in the silt/clay fraction of the soils is between 51% and 71% of total arsenic in soil 
(corresponding concentrations range between 186 and 2,550 mg/kg), which suggests that significant 
volume reduction of arsenic-impacted soil could be achieved by separating the fine material from the 
whole soil.  Classification to separate soil at the 100 mesh cut point would represent recovery of about 
90% of whole soil mass suitable for on-Site deposition in appropriate land use areas. 
 
Particle size distribution test results for Site soils and corresponding chemical analyses results for 
separated size fractions indicate that between approximately 79% and 92% of the soil arsenic is 
concentrated in the sand and silt/clay fractions.  These fractions represent between 27% and 56% of the 
whole soil.  These results indicate that recovery of the cobbles and gravels fraction (representing between 
44% and 73% of the whole soil) as "clean" material could be readily achieved using conventional wet 
screening or soil washing to achieve segregation of Site soils into different size fractions. 
 
For water-based soil washing processes, the wet screening and Sequential Extraction test results indicate 
that, because of the low aqueous solubility of lead or arsenic from Site soils, little or no water treatment 
provisions would be necessary. 
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The surface area calculations for each of the soil size fractions indicate, as expected, that the majority of 
the total soil surface area is contained in the silt and clay (64% to 83%), with less in the sands (17% to 
36%), and least in the cobbles and gravel (<1% to 2%). 
 
In the case of Areas 7 and 18, the lead distribution by size fraction increases with reducing size fraction 
and increasing surface area; these results indicate that lead bonding and binding is mostly surface-
related.  The lead distribution for Areas 36 and 40 in the sand and silt/clay fractions does not 
proportionally follow surface area distribution; this indicates that lead is not only surface bound but is also 
associated with other particulate matter present in the soil matrix.  In the case of Area 36 soils, SEM 
confirmed the presence of particulate lead.  The presence of metallic lead suggests that density 
separation techniques may need to be incorporated into the design of a soil washing system. 
 
The arsenic distribution by size fraction for the Area 36 sample increases with reducing size fraction and 
increasing surface area; these results indicate that arsenic bonding and binding is mostly surface-related. 
 
The very low silt/clay content and results of the Atterberg Limits testing show that the Site soils are non-
plastic and should be both amenable to processing by physical screening equipment and easy to handle 
with conventional earth-moving equipment. 
 
The organic carbon content of the Site soils (0.6% to 6.9%) is below the 10% upper limit generally 
considered to reduce removal efficiency in a soil washing system because of contaminant-carbon 
bonding.  The inclusion of an organic carbon removal unit operation should not be necessary. 
 
The GANC/RGANC results show that the Site soils have little buffering capacity and will not require the 
addition of large amounts of acid (to mobilize lead species) or base (to mobilize arsenic species) in a 
chemically enhanced soil washing system to achieve the desired pH change. 
 
The ELP results (0.02 to 0.06 mg/L) demonstrate very low lead solubility with synthetic acid rain.  The wet 
screening and Sequential Extraction test results also demonstrate that the lead species are relatively 
insoluble in water.  The lead was more soluble in acetic acid solutions, as demonstrated by TCLP, GANC, 
and Sequential Extraction test data.  These results indicate that lead is essentially immobile under normal 
environmental conditions, but can be mobilized under more rigorous leaching conditions. 
 
The MANC/RMANC equilibrium lead concentrations in the aqueous phase occur between additions of 2 
to 40 equivalents of acid/kg soil and between additions of 2 to 40 equivalents of base/kg.  One stage 
acidic and alkaline leaching at 20:1 liquids:solids ratio can remove 45% to 75% of the lead using 2N 
acetic acid, or 13% to 40% lead using 2N sodium hydroxide.  This indicates that acidic leaching has 
potential for use in conjunction with wet screening and other physical (gravity, density, and high-energy 
attrition) treatment techniques.  Even under severe leaching, a maximum of 75% lead removal is 
achieved because of the presence of some extremely leach-resistant forms of lead. 
 
In the consideration of MANC/RMANC equilibrium arsenic concentrations, high acetic acid concentrations 
(approximately 14 equivalents of acid/kg soil) were required to leach arsenic, whereas RGANC indicated 
that about two base equivalents/kg soil were required for optimum leaching.  One stage acidic/alkaline 
leaching at 20:1 liquids:solids ratio can remove 2% to 4% of the arsenic using 2N acetic acid, but 
amounts of between 74% and 80% can be removed using 2N sodium hydroxide.  These results indicate 
that chemical leaching using alkaline reagents has potential for use in conjunction with wet screening and 
other physical treatment techniques.  Conversely, mildly acidic conditions might be employed in a soil 
washing with dissolution treatment scenario to ensure that arsenic remains concentrated in the fines 
fraction, which could subsequently be stabilized. 
 
In the sized fractions examined, Sequential Extraction data show that lead is predominantly present as 
carbonate, specifically adsorbed and ion-exchangeable forms, as well as being associated with iron and 
manganese oxides and organic material.  This speciation information also indicates that further lead 
removal could be achieved in a chemically enhanced (acidic) soil washing or leaching treatment system. 
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Sequential Extraction data show that arsenic is predominantly present, in the sized fractions examined, in 
association with iron and manganese oxides and organic material.  Speciation analyses performed on 
selected sized fractions (gravity separated as appropriate) using SEM confirmed the Sequential 
Extraction test results.  The Battelle PNL speciation analysis also indicates that, in the areas of the Site 
sampled (Areas 5, 25, 38, and NGRR), arsenic is largely present as As(5).  This speciation information 
supports the conclusion that chemically enhanced (basic) soil washing or leaching treatment could be 
used to liberate arsenic from the soils. 
 
The results of the UB soil washing with dissolution study provide further support for considering a 
chemically enhanced treatment application.  The study shows that strong mineral acid extractants 
(specifically, hydrochloric and perchloric acid) at approximately pH 1 were effective at significantly 
reducing (by greater than 60%) lead concentrations by approximately 1,400 mg/kg in the sand fraction of 
Site soils.  TCLP lead values for treated samples ranged from 0.3 to 0.5 mg/L.  Less acidic conditions (pH 
3) were also effective if a chelating agent (such as EDTA) was added. 
 
The results of the Weyerhaeuser ATS leaching study confirm the leaching data generated under the 
Hazen study and further demonstrate that sodium hydroxide caustic solutions are effective in removing 
arsenic from the Site soils.  In single-stage batch extractions, solutions of sodium hydroxide at 
approximately pH 11.5 removed up to 57% of arsenic from sand fractions containing initial concentrations 
of around 100 mg/kg; sodium carbonate solutions gave similar results but required significantly higher 
reagent doses.  A strong dependency on pH was shown in the leaching tests and there was no evidence 
that leaching performance was constrained by arsenic solubility.  A batch extraction test examining 
relative leaching efficiencies between subfractions of the tested soil showed a slightly better performance 
for the larger subfraction.  No significant improvements in overall leaching performance were observed in 
simulated countercurrent tests.  Further investigation of washing process configuration, solids hold-up 
times, temperature, and aqueous extract treatment/recycling will need to be completed to decide if a 
leaching step should be included as part of a soil washing treatment application. 

5.5 Conclusions and Recommendations 
This section summarizes the conclusions from the various treatability studies relating to the viability 
assessment of physical screening/soil washing with dissolution. 

5.5.1 Soil Characterization 
The TCLP results for lead and arsenic obtained for the treatability samples indicate that most Site soils do 
not exhibit a RCRA hazardous toxicity characteristic associated with these metals.  

 
Physical analysis data show that the Site soils are moderately well sorted (i.e., more coarse fraction and a 
relatively low silt/clay content), non-plastic, and classify as sand and sandy-loam.  Excavation and 
materials handling of the soils should be relatively easy using conventional equipment and methods, and 
the soils should be amenable to processing by physical screening and mixing equipment. 

 
The Site soils are essentially neutral and possess little acidic or basic buffering capacity.  This is 
advantageous for both solidification/ stabilization and soil washing with dissolution processes in that the 
amounts of binder or leaching chemical needed to achieve the desired treatment performance will be 
minimized.  The unamended soils will not be corrosive to excavation, materials handling, or processing 
equipment. 

 
Based on speciation analysis data, soil lead is present mainly as carbonate, specifically adsorbed and 
ion-exchangeable forms, and in association with iron and manganese oxides and organic material.  Lead 
constituents are present both in association with soil surfaces (surface bonding/binding) and as free 
metallic particles within the soil matrix.  Arsenic speciation analysis data show that soil arsenic exists 
predominantly as arsenate (+5 valence state) and occurs mostly in association with iron oxides and the 
organic portion of the soil.  Arsenic bonding and binding is primarily associated with the smaller soil 
particles with a high surface area per unit mass. 
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Leaching data show that both lead and arsenic are essentially insoluble and immobile under normal 
environmental conditions.  Under both acidic and basic leaching conditions, soil lead can be leached 
(more readily mobilized under the former), although some extremely leach-resistant forms of lead are 
indicated.  Soil arsenic can be readily mobilized under moderately basic leaching conditions but is difficult 
to remove at low pH.  This is consistent with the information yielded by the lead and arsenic speciation 
analyses. 

 
The Site soils have a low organic carbon content and so no interference or inhibitory affects associated 
with potential carbon-heavy metal bonding/binding would be expected for either solidification/stabilization 
or physical screening/soil washing with dissolution treatment. 

5.5.2 Volume Reduction 
For both lead and arsenic, significant proportions of these constituents were measured in the silt/clay 
fraction of the soil.  Separation of the fines from the whole soil would be effective in concentrating a 
substantial proportion of the metals into a relatively small soil volume.  This will potentially reduce the 
volume of significantly impacted soils requiring subsequent treatment or disposal. 

 
A comparison of soil particle distribution and associated chemical distribution data with remediation and 
cleanup levels was made.  The results indicated that recovery, as “clean soil”, of the cobbles and gravel 
fraction (40% to 60% of soil by weight) can be achieved by dry and wet screening, respectively.   More 
aggressive soil washing and secondary treatment can achieve recovery of the sand, cobble, and gravel 
fractions (90% or more of soil by weight) as "clean" material.   

5.5.3 Metal Dissolution/Removal 
Strong hydrochloric acid or perchloric acid solutions at low pH (approximately pH 1) are effective at 
significantly reducing lead concentrations in the Site soils.  Similar leaching performances can be 
achieved with these acids at more moderate pH (approximately pH 3) if a chelant (EDTA) is added to the 
leaching solution. 
 
In the case of arsenic-impacted soils, strong sodium hydroxide and sodium carbonate solutions 
(approximately pH 12 or greater) are able to effectively remove arsenic in a single-stage batch extraction 
regime.  Leaching performance does not appear to be constrained by arsenic solubility, and might be 
improved under a multi-stage countercurrent leaching process configuration. 
 
The use of acidic/caustic leaching in conjunction with physical screening processes is indicated to have 
potential for reducing concentrations of lead and arsenic in the sand fraction of the soil or in the sands 
and fines combined.  This approach merits further evaluation. 
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